The transmission properties of a one-dimensional photonic crystal containing uniaxial indefinite metamaterial are investigated using the transfer matrix method. It is shown that the photonic bandgaps of the structure strongly depend on the orientation of the optical axis of the indefinite metamaterial. The results show that it is possible to obtain the Brewster condition for both TE and TM polarizations. This condition noticeably affects the profiles of the electromagnetic field inside the one-dimensional periodic structure.
INTRODUCTION
Double-negative (DNG) metamaterials or left-handed (LH) materials are artificially constructed materials having electromagnetic properties not generally found in nature. This kind of material, which has been realized experimentally by Smith et al. in 2000 [1] , simultaneously exhibits negative permittivity (ε) and permeability (μ) in a special frequency range [1, 2] with some peculiar properties [3] [4] [5] . A few years after the invention of metamaterials, the interest of some researchers has been directed toward the study of one-dimensional photonic crystals (1D PCs) composed of LH materials. The most essential property of the PCs is the existence of the photonic bandgaps (PBGs), which have many interesting and attractive applications in optical reflectors [6] , localization of photons [7] , control of spontaneous emission from atoms [8, 9] , fabrication of PC waveguides [10, 11] , etc. PBGs in conventional PCs depend strongly on the polarization and incidence angle of the electromagnetic waves. To overcome this problem, people have been motivated to realize PBG in PCs containing metamaterials.
Li et al. demonstrated that stacking alternating layers of ordinary materials and DNG metamaterials leads to PBGs corresponding to a zero-averaged refractive index (zero-n) [12] . It is also found that the 1D PCs composed of alternating layers of epsilon-negative (ENG) materials and mu-negative (MNG) materials will lead to a zero-effective-phase (zero-φ eff ) PBG [13] . In these omnidirectional PBGs, the central frequency and the width of the PBGs are invariant upon the change of scaling and are insensitive to disorder, incident angles, and polarizations. A number of transmission properties of the zero-n and zero-φ eff PBGs have been studied [14] [15] [16] [17] by assuming that the LH materials are isotropic. However, the metamaterial structures fabricated in experiments are strongly anisotropic. So, the permittivity and permeability should be considered as the second-rank tensors. The optical properties of anisotropic metamaterial media have been studied extensively [18] [19] [20] [21] [22] [23] [24] . Depending on the design of the metamaterial unit cell, not all the principle elements of the permittivity and permeability tensors have the same sign. In fact, anisotropic LH materials are a special case of indefinite media [25] . The optical properties and PBG structure of 1D PCs containing indefinite metamaterials have been studied recently [26] [27] [28] . However, to the best of our knowledge, the influence of the orientation of the optical axis on these properties has not been discussed in the literature.
Therefore, in the present paper, we are interested in studying the transmission properties of a 1D PC made of alternate layers of an isotropic ordinary medium and a uniaxial indefinite metamaterial. The influence of the incidence angle and the orientation of the optical axis of the indefinite medium on the PBGs of the 1D PC are analyzed by using the well known transfer matrix method for both TE and TM polarization states. It is found that the PBGs of the structure used are strongly sensitive to the orientation of the optical axis of the indefinite metamaterial medium. Also, the possibility of the Brewster condition and its effect on the electromagnetic field profiles are discussed for both TE and TM polarizations.
This paper is organized as follows. In Section 2, the theoretical model of our system is described. The numerical results are shown in Section 3 on the transmission properties and PBGs of the system and the distribution of the electromagnetic fields. Finally, the conclusion is given in Section 4.
THEORETICAL MODEL
We consider a 1D PC with the periodic structure AB N in air as shown in Fig. 1 . Here, A represents an isotropic dielectric medium with the permittivity ε A , permeability μ A , and thickness d A , and B is a uniaxial indefinite metamaterial with thickness d B . N is the period number, and a plane wave is incident at an angle θ upon the 1D PC from air. The interfaces of the layers are parallel to the x-y plane, and theẑ axis is normal to the structure. We assume that the optical axis of the indefinite medium lies in the x-z plane and makes angle φ withe theẑ axis. In this case, the permittivity and permeability tensors of the indefinite metamaterial medium are given by [29] 
where
Here, ε B⊥ , ε B∥ , μ B⊥ , and μ B∥ are the principle elements of the permittivity and permeability tensors of the medium B respectively, when its optical axis is along theẑ axis (i.e., φ 0). Now, we focus only on the TE waves, while the results for the TM waves can be obtained similarly. According to the Maxwell equations, the electric field E E y ze ik x x−ωtê y inside the indefinite medium satisfies the wave equation
where k x ω∕c sin θ is the x component of the wave vector. By imposing the continuity condition on E y and H x at the interfaces and introducing a wave function as
the following relation is derived between the electric and magnetic fields at any two positions z and z Δz of the same medium:
Here, M B is the transfer matrix of the indefinite medium,
q , and q B vα 2 ∕μ B⊥ μ B∥ ω∕c. Similar results can be obtained for the isotropic layer A:
Using the transfer matrix method, the transmission coefficient of the structure is obtained as
where x ij ω are the elements of the total transfer matrix,
, and q 0 q s cos θ. For the TM waves, the wave equation in the metamaterial medium B can be obtained similarly as
and the other parameters are obtained by the following substitutions:
RESULTS AND DISCUSSION
In our numerical calculations, we take the optical and geometrical parameters of the system as follows: ε A 2.5, μ A 1, d A 10 mm, d B 5 mm, and N 10. It is assumed that the principle elements of the permittivity and permeability tensors of the indefinite medium are
m ∕ω 2 , and μ B∥ 1. Here, ω, ω p , and ω m are the angular frequency of the incident wave, the electric plasma frequency, and the magnetic plasma frequency of the indefinite metamaterial, respectively, and are measured in units of (10 9 rad∕s). We have taken ω p 12 and ω m 10 in our numerical calculations [13, 26, 27] . It is clear that in the range of 0-12 (10 9 rad∕s), at least one of the ε B⊥ and μ B⊥ has a negative value and the medium B can be named as an indefinite one. Therefore, we limit our numerical calculations to this frequency range. From Eq. (1), it is clear that the optical parameters of the metamaterial depend on the parameter φ, which is defined as the angle between the optical axis and theẑ axis; specifically, the nondiagonal elements of theε B andμ B vanish for φ 0. The dependence of these elements on ω and φ is represented in Fig. 2 .
Therefore, it can be predicted that the optical properties of the 1D PC are dependent on the orientation of the optical axis. To show this, we plot the transmission spectra of the structure for the normal incidence of the TE waves in Fig. 3 for different values of φ. As one can see from the Fig. 3(a) the system has no frequency gap in the case of φ 0. By increasing φ, a PBG appears in the lower frequency range whose width increases by increasing φ and is saturated at φ ≃ 30°[see 
we plot the transmission of the 1D PC in the plane of (ω-φ) at the normal incidence in Fig. 4 . Here, the left panel shows the transmission of the structure for the TE polarized waves and the right panel shows the situation for TM polarized waves. This figure confirms the results of the transmission spectra shown in Fig. 3 . The 1D PC shows almost the same behavior for both TE and TM polarizations. It is clear that increasing φ has a noticeable effect on the first gap of the structure until φ ≃ 30°. Further increase of φ does not change the first gap remarkably, while the second gap is modified and finally disappears near φ ≃ 80°.
To show the effect of the incidence angle θ on the PBGs of the 1D PC, we have presented the transmission of the system as a function of θ and ω in Fig. 5 for two different values of φ. These results are in a good agreement with the formerly mentioned ones, and other useful information can be obtained from them; for the case of φ 0, there is no distinction between TE and TM waves at normal incidence. This is similar to the case of isotropic materials, in which a unique plane of incidence is not defined for the normal incidences. For the other orientations of the optical axis, this similarity vanishes. Also, the 1D PC shows multiple PBGs for the TE and TM waves at nearly large angles of incidence. It is evident from Fig. 5(b) that the first gap that exists for the nonzero φ values is nearly omnidirectional in the frequency range of the gap for both the TE and TM waves, while this is not true for the second gap. As one can see from the figure, the second gap nearly vanishes at some incidence angles and shows a behavior like the Brewster angle.
To confirm the behaviors obtained from Fig. 5 and to show the effect of N, we represent in Fig. 6 the PBGs of an infinite periodic structure using Bloch's theorem for the cases of φ 0 and φ 30°. The periodic (Bloch) waves of the infinite crystal are eigensolutions of the transfer matrix
with eigenvalues
Here, K is the Bloch wavenumber and regimes where j1∕2M 11 M 22 j < 1 correspond to real K and thus to propagating Bloch waves. It is evident from Fig. 6(a) that the system may have a gap in the given frequency range for the case of φ 0 if we increase N. In addition, the band edges and width of this gap and the second gap in Fig. 6(b) are greatly affected by the polarization and the incidence angle of the waves and are nearly closed at some special incidence angles. This effect occurs only for TM waves in isotropic nonmagnetic media and is due to the fact that the incident wave couples to the Brewster window. Recently, the existence of the Brewster condition has been studied in metamaterials and plasmonic structures by some research groups [30] [31] [32] [33] . It is shown that in an anisotropic magnetic material both TE and TM waves can show the Brewster condition. As an example, we investigate the Brewster condition for the case of φ 0 when the permittivity and permeability of the indefinite material are of the diagonal tensor formsε B diagε B⊥ ; ε B⊥ ; ε B∥ and μ B diagμ B⊥ ; μ B⊥ ; μ B∥ . Using the results of [30] , the Brewster angle for the TE and TM waves can be obtained from
It is evident from Fig. 6 (a) that the gap is nearly closed at ω ≃ 5.775 (10 9 rad∕s) for the TE waves. Using the corresponding values of ε B⊥ , μ B⊥ , and μ B∥ in Eq. (11), we obtain θ TE B 28.2°, and due to Snell's law at the interface of the 1D PC and air, the corresponding incidence angle to reach this condition is θ ≃ 48.5°. Thus one can say that the Brewster condition is fulfilled at an angle of θ ≃ 48.5°and a frequency of ω ≃ 5.775 (10 9 rad∕s) for the TE waves, while it is not shown for the TM waves. The same condition is observed in Fig. 6(b) for both the TE [ω ≃ 7.080 (10 9 rad∕s), θ ≃ 62°] and TM [ω ≃ 7.350 (10 9 rad∕s), θ ≃ 33.3°] waves for the case of φ 30°. We have represented the reflection of the infinite 1D PC as a function of θ for the cases of φ 0°and φ 30°with solid curves in Fig. 7 , while the relevant frequency of the Brewster condition has been used in each figure. These plots verify the results of Figs. 6(a) and 6(b), and the reflectivity of the structure is zero at the angle of the Brewster condition. In order to observe the behavior of the waves in the vicinity of the Brewster condition, we plot the electromagnetic fields inside the 1D PC for some particular values of (θ; ω). vanishes when any of the mentioned parameters, θ or ω, varies from the Brewster condition.
It must be mentioned that we repeated our numerical calculations considering the permittivity and permeability as
where γ e and γ m are the loss parameters. The results show that the qualitative behavior of the PBGs of the structure and the Brewster condition do not change significantly for the low values of γ (γ e < 0.01ω p and γ m < 0.01ω m ), while a further increase in γ results in the disappearance of the Brewster condition. This fact is shown in Fig. 7 , where dotted curves and dashed curves show the reflection of the infinite 1D PC as a function of θ for (γ e 0.001ω p , γ m 0.001ω m ) and (γ e 0.01ω p , γ m 0.01ω m ), respectively.
CONCLUSION
In summary, the transmission properties of a 1D PC containing a uniaxial indefinite metamaterial are investigated theoretically. We explain the influence of the orientation of the optical axis of the uniaxial material on the photonic band structure of the 1D PC for both TE and TM polarizations. It is shown that the use of the anisotropic magnetic materials in the 1D PC results in the fulfillment of the Brewster condition for the TE waves as well as the TM polarizations. This is different from the case of the isotropic nonmagnetic PCs, which shows the Brewster condition only for the TM waves. This structure can be used as an omnidirectional and polarization independent reflector in some frequency.
